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‘ABSTRACT

Hydrocarbon fuel performance in rockets is systematically considered using standard equilibrium, isen-
tropic, one-dimensional computer codes with-2 new web-based interface. For reference engine conditions the op-
timized specific impulse deperids only upon the mass-normalized (specific) enthalpy content and the hydrogen-
to-carbon ratio. In this context promising families of strained and unsaturated high-energy hydrocarbon fuels,
with special emphasis tipon those currently under development by in-house researchers, are ms1ghtfully com-
pared and justified. A variety of simple, mission-tailored metrics approximating payload mass gains and the
relative importance of fuel density are considered with special application to similar kerosene fuels. In this’
way it is possible to begin to simply, if approximately, quantify some of the performance trade-offs among the
relevant liquid-fuel physical and chemical properties and to easily screen a great number of possible fuels as a
foundation for calculations employing more sophisticated and realistic rocket models. L

INTRODUCTION -

Enthalpy content is well known as-a critical parameter for the performance of rocket fuels. Searches
for improved fuels-are therefore generally conducted among high-energy molecules. Fixed enthalpy thresholds
have even sometimes been employed to screen prospective fuels. Pethaps less well appreciated, at least at

-2 quantitative level, are the roles played by the atomic composition and density of the fuels. The optimum,
theoretical performance of a hydrocarbon fuel burned with liquid oxygen (and using the simplest common rocket
model) is completely determined by only its specific enthalpy of formation and the mole ratio of hydrogen and
carbon atoms in the fuel. Therefore, in this simple context, the trade-offs between enthalpy content and atomic
composition can be quantitatively determined and the promise and limitations of the chemical transformations

represented by families of similar molecules can be elucidated.

As intimated by the exponentla.l dependence of mass ratio upon spec"ic impulse in the rocket equation,
small changes in spemﬁc:mpulse can be magnified into large changes in mission parameters for a rocket. With-~
out performing a specific mission analysis for each propellant combination, it might.be useful to have available
2 va.nety of simple metrics, derived either from approximate analytic expressions or representative system and’
mission analyses, to approximately quantify the effect of a higher performing fuel. Similar performa.nce met-
rics involving density can also be explored, compared, and expanded. The account which follows is devoted
to seeking to display in a convenient manner the approximate mission-specific performance trade-offs among
the minimal set of determinative hydrocarbon. characteristics, not with the goal of trying to substitute ap-
proximate, and ultimately probably inadequate, performance metrics for the detzuled and exhaustive systems
analyses necessary to confidently recommend a new propellant, but rather to promote a general understanding -
and justification of some of the results thereby obtained and to allow prescreening of whole data bases of
prospective molecules, some of which may be at present barely known or ill-characterized, in preparation for

such analyses.

Approved for public release; distribution unlimited.
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ABSTRACT
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to-carbon ratio. In this context promising families of strained and unsaturated high-energy hydrocarbon fuels,
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INTRODUCTION
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have even sometimes been employed to screen prospective fuels. ' Perhaps less well appreciated, at least at
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. theoretical performa.nce of 2 hydrocarbon fuel burned with liquid oxygen (and using the simplest common rocket
model) is completely determined by only its specific enthalpy of formation and the mole ratio of hydrogen and
carbon atoms in the fuel. Therefore, in-this simple context, the trade-offs between enthalpy content and atomic

composition can be quantitatively determined and the promise and limitations of the chemical transformat:ons :

represented by families of similar molecules can be elucidated.

As intimated by the exponential dependence of mass ratio upon speaﬁc impulse in the rocket equation,

small changes in specific impulse can be magnified into large changes in mission parameters for a rocket. With- .
out performing a specific mission analysis for each propeliant combination, it ‘might be useful to have available

a va.nety of simple metrics, derived either from approximate analytic expressions or representative system and
mission analyses, to approximately quantify the effect of a higher performing fuel. -Similar performance met-

rics involving density can-also be explored, -compared, and expanded. The account which follows. is devoted ,';
to seeking to display in a convenient manner the approximate mission-specific performance trade-offs among )

the minimal set of determinative hydrocarbon. characteristics, not with the goal of trying fo substitute ap-

proximate, and ultimately probably inadequate, performance metrics for the detailed and. exhaustive systems ..
analyses necessary to confidently recommend a new propellant, but rather to promote a general understanding -

and justification of some of the results thereby obtained and to allow prescreening of whole data-bases of
prospective molecules, some of which may be at present barely known or ill-characterized, in preparation for

such analyses.
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RESULTS AND DISCUSSION

Web-Based, Graphical Interface to CEA

The CEA (Chemical Equilibrium and Applications) code of B. McBride and S. Gordon»>3 at NASA-
Glenn is a standard tool for the characterization of 2 number of combustion problems, including simple rocket
performance. However, as presently distributed, it lacks built-in graphical capabilities, operating instead
through a simple, albeit universal, command line interface.

In an effort to avoid the operating-system and hardware incompatibility and instability issues sometimes
plaguing graphical suites as well as the labor of maintaining multiple versions of an evolving code, the present
author has created a web-based; graphical front-end to CEA which places the maintenance burden upon a
single Linux server. A number of modules, coded mostly in Perl and designed to support the widest variety .
of browser versions, take data from the user, construct input files for CEA, run calculations; and present the
results in a user-friendly format. Its modular orientation also allows the easy incorporation of 2 number of
simple “helper” utilities, most notably an SQL-compliant data base. Avenues.for making this suite publicly
available are currently being pursued and the author invites contact from those interested. . .

Reference Template for the Specific Impulse of Hydrocarb‘on Rocket Fuéls‘<- .

I, as an approximation to real rocket performance, one uses the results of a calculation assuming one-
dimensional, adiabatic, chemically equilibrated, and isentropic flow! and if, further, a single oxidizer and set of
representative rocket conditions {chamber pressure and exit and nozzle parameters) are chosen so as to allow
comparison of different fuels in 2 common bipropeliant basis, then the specific impulse of a fuel depends only
npon its specific (mass-normalized) enthalpy. content, its relative atomic composition, and its mixture ratio”
with the oxidizer. The number of independent parameters can be further reduced by one if, in the interests
of attempting to gauge the maximum intrizisic potential of the fuel in the propellant, the mixture ratio is set
to that which provides the optimum specific impulse. It must be admitted that the preceding approximations’
and constraints neglect not only many other practically important chemical and physical properties of the fuel
itself, but also many of the adjustable design parameters of rocket engineering. Nevertheless, viewing a fuel
as merely a packet of energy and chemical mass in isolation, one might hope to have stripped it to its most

_important performance-determining essentials.5 -

Even tbougix these ideas could be extended to a number of fuel/oxidizer combinations, the present paper

" is primarily concerned with hydrocarbon performance optimized against liquid oxyger. In suth a-case the

'™

-

specific impulse would constitute a surface in a thrée-dimensional space, dependent only upon, for example,
fuel enthalpy of formation and the molar ratio of hydrogen to carbon. To aid in visualization, this surface -
could be projected into the plane of the two independent parameters through the use of contours of constant
performance (or “iso-Ig, lines”). This can be seen in Figures 1 and 2 for two sets of operating conditions

8. Gordon and B.J. McBride, “Computer Prc;gi-am for Calculation of Complex Chemic‘ali Equilibrium Compoﬁﬁom and Applica-
tions. I. Analysis,” Reference Publication, No. NASA /RP-1311, Lewis Research Center, Cleveland OH, Oct. 1994. - ..
B.J. McBrideand S. Gordon, “Computer Program for Calculation of Complex Chemical Equilibrium Compositions and Applica-
tions. II. Users Manual and Program Description,” Reference Publication, No. NASA/RP-1311, Lewis Research Center, Cleveland
OH, June 1996. : i S S :
See also: www.grcnasz.gov/www/CEAWeb. R o
G.P. Suttor; Rocket Propulsion Elements: An Introduction to the Engineering of Rockets, Sixth Ed., (Wiley, New York, 1992),
pp. 41-88. . : : : i " » b 2N

While, to the author’s knowledge, the exact formulation of this problem in terms of the independent parameters and arrangement
of fuels in the following figures s unique (and was conceived of independently), not surprisingly, these sorts. of considerstions
have 2 long history. See, e.g., J.N. Wilson, “High Ene.xgy Hydrocarbon Booster Fuels,” Final 5-14014 NASA-CR-72438,
Contract No. NAS 7-410, Oct. 1965-Sept. 1966, Shell Development, Emeryville CA, pp. 12-25, J.J. Notardonato, P.A. Masters,
“High Density Propellants for Single Stage to Orbit Vehicles,” Technica! Memorandum, No. NASA/TM X-73503, Lewis Research
Center, Cleveland OH, 1976, J.W. Frankenfeld, T.W. Hastings; M. Lieberman, and W.F. Taylor, “High Pérformance, High Density
Hydrocarbon Fuels,” Technical Report, 5-14014 NASA CR-159480, Exxon/Grus. 1KWD.78, Contract No.- NAS 3-20394, Oct.
1978, Exxon Research and Engin., Linden NJ, p. 10, and D.C. Rapp, “High Energy-Density Ligg.id Rocket Fuel Performance,”
Twenty-Sizth Joint Propulsion Conference, Paper No. ATAA 90-1968, Orlando FL, July 16-18, 1990. .
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commonly® used to at least initially assess and compare bipropellant Tocket fuels with the position of RP-1
included for reference. These conditions are defined by the parameters in the titles to the figures and will be
referred to hereafter as “sea-level” and “vacuum expansion.” It should perhaps be further emphasized that
within the described approximations and for these conditions, Figures 1 and 2 completely characterize liquid-
oxygen-optimized ‘performance for all hydrocarbons, known or unknown; provided that the specific enthalpy
of formation and average hydrogen-to-carbon ratio can be determined, or at least approximated, the optimum
specific impulse for any pure or mixed hydrocarbon fuel can be simply read from these plots by interpolation.

, Optimum Hydrocarbon I, with LOX
Sea-Level Expansion (14.7 psi, P.=1000 psi)

="z =S c2g= ' H
= eSS = ] 1 ’
E= SSE=Esss '| ' H
== = ST = .
= = = - - ] ) 1
Sz EIEESTRSESTTS ' ' )
== S=ESSSSSsSSsSsT ]
. S S RN RS S S NN S S T T e ccovmane e ccencnnn T
FEFEERRS AR A R s T s :
— E = I s S S S e S s T T eSS s T '
s 8 - W - - -
= o - R -——— - -~ S o~ ? .
&o St S R S T . -. Lo
=- s S-S TSs = =~ - Oa .
—— =W o _— - W - -l ™ ¢
~~ eSS SS TN SIS S ESTRESEITSSIEIST : v
R =8 - o -~ o~ S - - - - -~ - - - ' 2
— S t et 11299.6 sec
-~ o . - -~ ~
= - ~ _—te A, W ~ o e - - - - -~ -
- =~ ~~ - ~ - -~ - - - - Py
S RN SRR R SRR R Y T SE I T
- oo S - w N =~ - - -~ - - -3 -
[&] "~ oo ALY N = - o - R - e e
- = R i ey ~ - - —ma e - - - -~ - - -
- ] P - - - >~ s - . - -~ -~ -~
& S L NS S S S E S e  N E s N S SS E T E S R S e ST :
O ] B ES S S I T R T RS S ST S S  S T T SE S T E TS RS T T T R E sec.
- S asS - .- Sav - - - - -~ T -~ -
- e % o ) - Sy o - - o rey - = )
f s o G — vy T W - - S e - -~ - - -~ - et
= owwN S - e > Pl -~ - - ~ -~ - - - -]
A e S > 2 e S e = _—u - = - Py -~ e~ ~= -
~ . o NS = 5 ST - a5 :;s\\ S oA bt e
S osw T TS IS SSS SISy Ty ~Ss=So~ - o~ =3~
SO P N IR I e el ~ 3
O S Sa SN TSNS SsSssS sy sS=2ss ~ e~ - -
Rt R e R A =S S=as
= S S N s S SRR R R R N N 320 sec.
~ ~~ -~ = e~ .=
P e s e - o oy - >
o v W -~ - - - n ™ -t - - > -~ ~ ~
(5] H S N R R e T -~ — e~ T . -
- - - -~ -~ - . S -~ - o - - -~ - —
[ -~ ) g - f -~ - - - -
e e e Ny . e SN S e — e e ope oo B o T =
b cccecrvncmncanman e A - I R I S RS S S T TR I T I T e I T T -
] o~ > - - -~ —— - - -~
gt~ e g ey -~ - O -~ P ~
St , SIS I T IS S S I TS s s I gt
) : TS S I I TS IS SIS TSI s S 3105sec.
- -~ o ™~ - ™ - >~ Pragi - -~ e
t N sSsmSoTw g -~
> -~ e -~ g -~ -~ —~
1] 1] - - ) ) gy Sy - ™~ o
= : H SRS Rt
B ' T -~ % - - -~ ~ —r— ~ - ~
b~ ! : R SRR ST
H ) - - - O~ -~~~ -
-~ - ~ Paai ey - -~ —~
: v A A NS S SN SSSSS3saS 300 s
_1 i ceechesensormcecncnnans A - PP R — RS S S ec.
4> -~
H ' ¢ S e e B
(<} ' ' ] SwSow Pl i -~
® ' 3 s P - ™
N ' ] ss‘ls~~ R e .
H 1 1 g R a3
* ] 3 R -0 -~
+ 1 - - ~
' ~soT~s 3
| ; ; ! PRI IIISY 2%
H o . i TSI sec.
3 nl 3 1] e g
‘ 4 1 . o
1 3 2 ' —~
-
1 2 2.5

1.5
- H-to-C Ratio o

Figure 1-Sea-level specific impulse for hydrocarbon fuels optimized agamst liquid oxygen. The ambient and chamber pressures
are given in the title. Solid lines separate five-second intervals and' dashed lines denote single-second contours. The filled solid

circle represents RP-1.

A number of important general trends are apparent. The trade between high energy and high hydrogen
content, although perhaps appreciated on 2 qualitative basis, is here put on a firm quantitative foundation.
In fact, by calculating the slope of each of the iso-I;;, lines it can be plotted, as in-Figure 3 for sea-level -
expansion. It is to be noted that around RP-1, an increase in the heat of formation of one kcal/gram has
roughly the same performance impact 2s 2 unit increase in the molar hydrogen-to-carbon ratio. As the search.
for new hydrocarbon rocket fuels is conducted among high energy molecules unsaturated either by virtne of
rings or multiple bonds, the countervailing penalty associated with loss of hydrogen must be appreciated.
Ideally new fuel development should focus on, to the greatest extent allowed by the constraints of chemical
valence, those regions of the performance space perpendicular to the iso-Ig, lines. Conversely, to the extent
that enthalpy-enhancing chemical transformations move a fuel parallel to an isoperformance contour, the effort
going into that reaction can be considered to have been wasted. Even worse, although fuel sensitivity and
stability are known to depend in a rather complicated way upon a number of intramolecular, intermolecular,
and environmental conditions; extra molecular energy will tend to undermine fuel storability and safety.- The
hydrogen-content /enthalpy trade-off, along with the powerful constraint imposed by chemical valence, serve to
at least partially justify the current, if otherwise seemingly primitive, choices of long standing. .

(el
I
n

¢ F.C. Gunderloy, “Theoretical Performance of Rocket Propellant Combinations,” Poster, Rockwell International, Rocketdyne Div.,
Advanced Programs, Canoga Park CA, Febr. 1988. : »
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Optifnum Hydroéarbon Lp with LOX
Vacuum Expansion (e = 40, P, = 1000 psi)

_ H-to-C Ratio
Figure 4-The optimum mixture ratio for the five-second sea-

H-to-C Ratio

Figure 3-The trade-off between heat of formation and hydro-
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For a given value of the specific impulse the optimum omdlzer—to-fuel ratio is similarly determined by
only the fuel’s enthalpy content and atomic composition. This is shown for each' of the sea-level iso-I,; lines
of Figure 1 in Figure 4. (It should be noted that the additional dependence upon the heat of formation,
already displayed in Figure 1, has been suppressed.) The significant deviations from stoichiometric combustion
to carbon dioxide and water illustrate the fundamental differences between standard-state combustion and
combustion in an optimized, rocket engine due to the performance advantaaes of low-molecnlar-wewht ejecta.

. Although not displayed here, a number of other. ugeful, qua.ntltatne trade-offs can be derived from the
information in Figures 1 and 2. The gradient of the speaﬁc 1mpulse at any point defines those relative changes
in the independent parameters which yield the maximuni-performance increase.- Also, the divergence of the
specific impulse would quantify the sensitivity of performance to uncertainties in the mdependent parameters.

Specific Impulse of Hydrocarbon-Fuel Families

Using Figure 1 (or 2) as a template, the L, of related fuels can be compared on a common basis and
performance trends for the given conditions can be insightfully justified.” Thus, the intrinsic possibilities
and limitations of the functional groups and chemical transformations represented by such a family can be
elucidated. The heats of formation for the molecules in this section come from the published literature? or the

author’s notes.
The two most common ways of i mcreasmg the enthalpy content of a fuel molecule, formation of double
bonds and cyclization, are represented in Figures 5 and 6. Figure 5 contains a pair of hnes, superimposed on

a portion of the sea-level reference grid of Figure 1, which fully characterize the specific impulse of the linear

alkanes and the linear terminal alkenes. The a.lLenes all lie along 2 vertical line reflective of their common
CoHay molecular formula. The positions of specific molecules are denoted by an X along with the total number
of carbon atoms. Each family’s trend with increasing number of carbons toward the position of RP-1 should
be noted along with the general inclination of the famxly with rwpect to the iso-I;, lines. The open circles
. represent the posmon of the indicated Benson—i;ype,8 additivity groups® considered in 1solatlon The location of
a molecular fuel in the performance space can then’be seen as an appropriately normalized combination of its

composite Benson-type groups. A similar plot is presented as Figure 6 for rings containing only single bonds

and for those with a single double bond. Note here that the specific-impulse effect of hydrogen loss almost
exactly balances the enthalpy gain of the double bond in gomg from cyclohexane to cyclohexene.

A number of stra.med-cage compounds are presented in Flgures 7 and 8. Beginning at the lower right

of Figure 7, hydrogen can be removed and eneigy can be added to the norbornane cage either by forming

three-membered rings to ultimately produce quadricyclane at the top of the plot or by forming double bonds,
leading eventually to norbornadiene at the far left. The extent to which relatively little of th_e added energy

is manifested as extra specific impulse is especially striking. Figure 8 describes a number of prismanes, which,

being polymers of CH all lie along a vertical line at unity H-to-C ratio. Except for tetrahedrane at the top,

the remainder can be thought of as being formed from a band or ribbon of the indicated number of four- -
membered rings joined at their edges. The striking reversal of the family with number of cyclobutane faces can -
-be attributed to the initial reduction and subsequent increase of strain associated with passing through carbon

bond angles more nea.rly tetrahedral as the ribbon grows in size.

Figure 9 describes a number of molecules related to blcyclopropyhdene a fuel under active development
by the Propellants Branch at AFRL and marked “3,3” in the figure. Referred to as the “bow-tie” family,

these molecules are interconverted through-changing the'indicated size of saturated rings at either end of 2

double bond. A number of compounds in which saturated rings are connected by spiro lmka.g&, instead, are

displayed in Figure 10. The unconnected points indicate bicyclic systems in which the two rings have the .

indicated sizes. The connected points represent the polymers formed by the repeated joining of éither three- or
four-membered rings in linear chains. The declining specific impilse with increasing energy and chain length in
. the four-membered-ring polymer should be noted. Although is specific impulse change with chain length may
" not be especially encouraging, the three-membered ring family might be eepecxa.lly smtable in circumstances

requiring an easily blendable fuel of tunable phys1cal properties.

7 1B, Pedley, Thermo:hemzcal Datc and Structures of Orgamc Compounds, Vol 1, (Thermodyn. R&ea:rch Cent College Station,

 S'W. Benson, Thermochemical Kmetzc:, Second Ed., (Wiley, New York, 1976).
% N. Cohen, J. Phys. Chem. Ref. Data, 25, 1411 (1996).
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Linear Alkanes and Linear, Terminal Alkenes
+_Sea-Level (Is;)op: for Tiquids,
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Figure 5-Sea-leve! specific impulse for the linear alkane (bent
line) and kinear terminal alkene (vertical line) familxes See the
text for more detailed discussion.
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Figure T-Sea-level specific impulse of molecules including
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Prismanes and Related Molecules
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- Figure 6-Sea-level specific impulse for rings containing only
single bonds and those containing one double bond. .
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quadricyclane which result from debydrogenation of norbor- See the text for a description of the notation.

nane through cyclization or the formation of double bonds.

Simple Mission Perfbrnﬁance Metrics Involving Specific Impulse

18

Figure 8-Sea-level specific impulse of a qumber of pnsman&

While specific impulse constitutes the most fundamental and commonly used measure of propellant
performance, an approximate relationship between I, and more concrete mission parameters might be useful
in gauging the real impact of a proposed new fuel. This is also motivated by the recognition that as reflected”




- Simple and Catenated Spiroalkanes

“Bow-tie Family”
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Figure 9-Sea-level specific impulse of the “bow-tie”
molecules. See the text for a description of the notation. The spiroalkane family and two spiroalkane polymers. See the text
two positions given for bicyclopropylidene (3,3} denote some- for a description of the notation. .

what divergent experimental and theoretical heats of forma-

tion.

in the simple, single-stage rocket equation:

) MP] = ~Av/gIp o . . ')
Mt ©

~ the exponential dependence upon Lip can lead to a situation in which relatively small improvements in specific

impulse produce larger effects in terms of payload mass or gross lift-off mass, and that because of this, propellant -

combinations which seem only modestly improved might be discounted unnecessarily.
By taking the derivative of ‘either the payload mass or the total initial mass with respect to specific
impulse with the other parameters held constant and linearizing for small changes, one obtains: '

— oy 4 -4 aI .
oo g m gl bl
| : =k @
where the results of the discussion to follow will be expressed in the second, simplified form. This admittedly
already approximate relation, in its present form applicable only to single-stage vehicles, could be employed as
a rough metric for mission masses in the following two ways. ' ‘
First of all, without reference to any particular vehicle, if one specifies a propellant combination and
a mission-dependent velocity change, then the quantity in square brackets in the first form of eqn. (2) can
be calculated. For the optimized I, for liquid-oxygen/RP-1 under the vacuum conditions most typical for a
single-stage mission (358.1s) and an effective Av a2 9000m/s for transit to low-earth orbit, the factor in square
brackets is around 0.2. That, coupled with an assumption of inverse burn-out mass fraction between 20 and:
40, would imply that a single percent increase in I, might lead to a 4% to 8% increase in delivered mass or an
identical decrease in gross lift-off mass.
Alternatively, eqn. (2) could be approximately interpreted in 2 vehicle-dependent manner. The factor in
square brackets could be set using the initial and final masses for the first stage of a real system and eqn. (1)
above. For example, Jumping the first stage and a balf of the Atlas vehicle!® into an effective single first stage

Amer. Inst. Aeronat. Astronaut., Wash-

10 3.3, Isakowitz, Jnternational Reference Guide to Space Launch Systems, Second Bd., (
mgton DC, 1991). : o

\ Boe.

310 3.

Figure 10-Sea-level specific impulse .of the bicyclic
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leacis to a value for k in the second form of eqn. (2) of almost 2 instead of the 4 to 8 determined previously. As-
this accounts for only the first stage of a muitistage vehicle and improvements to upper stages generally have

a greater impact, this difference between such crude heuristics is hardly s_urpris'mg.

* These relatively simple metrics can be compared with genuine system analyses and their functional form
can be used to summarize and compare the results of disparate studies of multistate vehicles through the second
form of eqn. (2). One study conducted by NASA researchers approximately twenty years ago!! concluded that
the relative reduction in the gross lift-off mass of a single-stage-to-orbit-vehicle with fixed payload mass and
powered by 2 hydrocarbon /liquid-oxygen propellant would be approximately 2.4 times (c.f. .the first term in eqn.
(4)) the relative increase in specific impulse. Results of studies'? conducted by engineers at Air Force Research
Laboratory and making use of conservative engineering assumptions including the constraints of fixed thrust,
constant total volume, and no re-optimization of mixture ratio for 2 proposed drop-in hydrocarbon replacement
fuel seem to show the same trends. The first phase of these studies considered the effects on total payload
mass of specific impulse in isolation. After averaging over vehicle configurations and missions and reducing the
results to the form of eqn. (2), the relative payload increases with each unit increase in relative specific impulse
are given by 2.5, 1.5, and' 5.5 for the Atlas IIAR, Delta III, and Zenit vehicle families; respectively (c.f. the
first terms in eqn. (3)). Not surprisingly, Zenit, the vehicle with the most hydrocarbon stages and those that
extend later into the sequence is most benefited by replacement with 2 higher specific impulse fuel. That these
values are somewhat less than those roughly estimated from simple manipulation of the rocket equation should
not be surprising given the conservative engineering assumptions involved.

Simp]e Mission Performance Metrics Including Fuel Density

.. For some types of rocket missions, there is 2 conventional understanding!® that instead of the ordinary -
specific impulse, a better approximate measure of theoretical propellant performance may be the optimized
product of the specific gravity of the composite propellant, Diprop, raised to 2 fixed power and the specific -

impulse, as: _ .
' [D;WP I‘P] opt . ) , . @)

where the density exponent, a, decreases with altitude. Thus, while ordinary specific impulse might be appropri-
ate for interplanetary missions, exponents of approximately one-third and two-thirds are sometimes associated .
with orbit transfer and boost, respectively. Also, the density specific impulse} the simple product of overall
propellant specific gravity and I, is also sometimes used as a reference metric.-In the following discussion,
most of these measures, to the extent that they are cénstrued to directly reflect propellant performance, will
be shown: to overemphasize the effect of density for the types of missions considered herein:

The NASA study previously m‘éx:d:;l‘oned15 also examined the effects of the density of the 'fuel‘itself (m
distinction to the combined oxidizer/fuel density used in the preceding paragraph) and concluded that the
reduction of gross lift-off mass is given by: , . - -

—§fs =245 4 0.1 48 @

-where the I, dependence already discussed is included for comparison. In that study, it was also determined
that, at least for the' SSTO mission, 2 density exponent on the overall propellant specific gravity in the-
conventional form (i.e., a in eqn. (3)) of 1/3, although not grossly in error, may somewhat -overstate the
performance irpact of density. After investigating I, impacts by themselves, the systems analyses performed
at AFRL were also conducted in such 2 way as to include the effects of both density and specific impulse. When
these results are averaged as described above and the additional effects due to density change are isolated, the -

4 J.W. Frankenfeld, ef ol., op. ¢it., p. 56, but also see J.J, Notardonato, P.A. Masters, op. cit.

12 R. Nichols, personal communication. _ _ o ,

13 See, e.g., J. Friedman and LA. Kanarek, “Evaluation of the Relative Importance of Specific Thrust znd Propellant Density for
Rocket-Boosted Missiles,” Technical Report, North Amer. Aviation Aerophys. Lab., No. A1-986, Jan. 20, 1930, R:S. Kraemer,
in Handbook of Astronautical Enginesring, edited by HH. Koelle, (McGraw-Hill, New York,1961), p. 20-12, J.N. Wilson, loc. cit.,
J.J. Notardonato, P.A. Masters, op. cit., D.C. Rapp, op. cit., J.W. Frankenfeld, et al., loc. cit. _ . :

4 G.P. Sutton, op. cit., pp. 246-247. : .
-15 J.W. Frankenfeld, et al., loc. cit. and J.J. Notardonatc, P.A. Masters, op. cit.




analogous forms of the previous equation become:

AtlasTIAR: 55 = 2.5 45 4.0.25 &
DeltaIIT: 2 = 1.5 “1;;2 +0.07 | |
Zenit: g2 =555 +0.52%m - (5) ] .

for each of the indicated systems. It thus appears that for both conservatively altered systems and wholly
redesigned vehicles, the density of the fuel itself may be roughly 10 to 25 times less important than the specific
impulse. The interests of comparing and extending these simple heuristics to other propellant characteristics
- may be served by additional studies currently being conducted at Air Force Research Laboratory which may
.also address the variation of lonv-term costs a.nd other important operational parameters with prope]lant

properties. -
Finally, the preceding metrics linear in the specific impulse and fuel density can be compared w1th t.he
conventional measures defined by eqn. (3). Of the fractional density exponents considered above, 1/3 comes
the closest to reproducing the results of all three AFRL systems analyses, which, it should be reca.lled 1nvolved
vehicles with only first-stage improvements, as well as those with multlsta.ge lmprovements ’

" A Comparison of RP-1 and RG-1

The preceding considerations can be insightfully applied to the differences between the standard rocket
kerosenes of American (RP-1) and Russian (RG-1) manufacture. Table 1 contains characteristics of the two -
fuels averaged over three independent studies!®1"18 with the differences of RG-1 relative to RP-1 given in
the final line. The use of Russian kerosene in this country is sometimes advocated on the basis of the middle
three columns of Table 1; namely, it is sometimes argued that RG-1 enjoys a clear density advantage while
having the same nominal net heat of combustion. It appears, however, that, at least for. these three studies,
slight declines in measured heat of formation and measured hydrogen content combine to produce a decline in
one-dimensional specific impulse of nearly a second compared to RP-1. Assuming the ten- to twenty-five-fold
greater importance of I, already discussed, it-is not obnous that Russian kerosene’s density advantabe is not

accompanied by an off-settmg penalty.

, Table 1
A Companson of RP-1 and RG-1 Thermochemlstry and Performa.nce R
Measured - |  Measured Specified | Measured Measured Sea Level
Ay Net Abconp ‘Net Ahcomb Fuel | Puet " - t{H/C) Iy
(cal/s) (BTU/Ib) (BTU/1b) (g/cx®, 22°C) | (sec.)
-475 -18640 -18500 RP-1 | 0.806 2.008 - 209.8
-508 -18540 - | -~ -18500 RG-1 0.832 1991 299.0
-6.9% -0.53% ' ' +3.2% -0.85% -0.27%

It must be admitted that the differences described in Table 1 are rather small (that of the heats of
formation amounts to approximately one-half kcal/mol per carbon atom), and so it is possible that there exist
unreleased studies which might change this assessment. In addition, more sophisticated systems analyses for
particular types of missions or other of its physical or chemical properties might indicate a clear preference
for RG-1"over RP-1.. Nevertheless, it appears from the present conmdera.tlons that at least the common - )
qualitative understanding or justification of the relative advantages of the kerosenes may need to be more . ‘ , -
carefully examined. F\thher, the preceding type of analysis would seem to support the addition of atomic

S.D. Bai, and T. Sande.rs “Comparative Testing of Russian Kerosene and RP-1," Thzrty—Fzrst

16 Q. Mehta, W. Stone, C. Ingram,
Joint Pro}ml.nan Co;zference, Paper No. ATAA '95-2062, San Diego CA, 10-12 July 1995.

w S.D. Bai, NASA Marshall Space Flight Center, Huntsville AL, unpublished data, 1997.
1 D Morgan, GenCorp Aerojet, unpublished data, 1995. .




isolation nor the specific enthalpy release of the additiveless portion of the additive-augmented “propellan

10

T

composition to those properties covered by the military specification®® because of its importance in determining
performance. : o T

The comparison of RP-1 and RG-1.also provides a context in which to further investigate the relative
importance of density and specific impulse. What follows is in the spirit of a proof by contradiction. Perfor- -
mance parameters of the form defined in eqn. (3) are assumed and then a certain class of them is shown to be
inconsistent in-a hypothetical case with common sense-notions of what it means to have an improved propel-

* lant. Consider a thought experiment designed to approximate the effect of jettisonable dead-weight upon the

performance of a rocket mission. Suppose that a dense, chemically and physically inert material were mixed
with the propellant and that during firing it disappeared at a constant rate. While imparting no momentum
thrust to the vehicle or heat to the propellant stream, it would increase the effective density of the propellant.
While it would seem odd to.characterize this new “propellant combination” as preferable to its additive-free
baseline, it is fair to ask whether an improvement in the sort of performance metrics described by eqn. (3)
might nonetheless result. The portion of the specific impulse due to momentum thrust can be described by

the familiar expression: ' _
. V2Ah -

Isp,mou‘x =

(6

" Bo .
where Ah is the specific (per mass) enthalpy change between chamber and exhaust. If one further assumes
that there is a proportional change in pressure thrust between the propellant with and without additive and
that the additive changes neither the optimum mixture ratio for the remainder of the propellant considered in

t,”

algebraic manipulation yields the ratio of the additive-enhanced to baseline performance, as:

DLsploptsb _ 1-% : ' e
[D?Isplopt [1 -_fb (%—’;i - 1)] :

where f;, is the mass ratio of inert additive, Dy, is its effective specific gravity, and Dyrop is the overall specific
gravity of the additiveless propellant. This ratio is greater than one when the performance metrics defined by
eqn. (3) erroneously indicate that a propellant can be improved by the addition of dead weight. In the limit
of infinite additive density, this occurs for any additive mass fraction when the density exponent exceeds 1/2.
Alternatively, if, for example, the baseline propellant specific gravity is one and the additive specific gravity
is eight, then this condition is fulfilled for all 2 > 0.57. Finally, when applied t6 the comparison of RP-1 and
RG-1, eqn. (7) predicts that the performance of RP-1 cannot be made to exceed that of RG-1 through the
addition of dead weight for a = 1/3, but that for 2/3 and 1, 6% and 2% of an additive with specific gravity of
eight will allow it to do so. Together with the comment relating linear and nonlinear density-weighted metrics
that ends the preceding section, it appears that non-linear performance metrics (eqn. (3)) in which density is
weighted with an exponent greater than 1/3 may bé overstating the advantages of propeliant density and that

the often used density I, almost certainly does so,at least insofar as such heuristics are considered to directly .

describe propellant performance. While this may not be particularly surprising, it does place understanding of
these trends on a rather more firm, quantitative foundation. - L R

SUMMARY AND. CONCLUSIONS

Among the hydrocarbon rocket fuels-optimum performance generally increases with the specific enthalpy
of formation, the hydrogen-to-carbon ratio, and the density. For a specific oxidizer and reference rocket
conditions, the first two determine theoretical, one-dimensional specific impulse by themselves and therefore
may be used as a grid in which to insightfully map families of candidate raolecules and discern their fundamental
promise and limitations, If is then, for example, clearly seen how the extra energy imparted by the unsaturation
of multiple bonds and strained rings is at least partially offset by the accompanying loss of hydrogen. This may
be seen as the source of the respectable performance of the simple refined petroleum currently employed in
rocket engines. Further, failure to fully appreciate this tradeoff imposed by the limits of chemical valence seems
to be responsible for many of the otherwise surprisingly discouraging results obtained from simple performance

calculations of high-energy candidate fuels.

Although, of coursé, Do new propellant combination should be recommended for expensive and time-
consuming further testing without sophisticated and exhaustive system studies, simple performance metrics like

13 #propellant, Kerosene,” Military Specification, No. MIL-P-25576C, 10 Jan. 1967.
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those outlined here may have value in promoting understanding of the trade-offs involved and allow affordable
screening of even immense data bases of prospective molecules. Herein, single percent improvements in specific
impulse alone have been approximately associated with payload-mass—frachon’ increases or gross-lift-off-mass
reductions of approximately two to ten percent, dependmc on the engineering assumptions obtaining. Further,
it appears that the relative effects of density on mission masses may be between ten and twenty-five times
smaller than those of I, and that the product of propellant specific gravity raised to the 1/3 power and specific
impulse may provide a simple metric to encapsulate these effects; higher density exponent can be shown to
be contra~indicated by a lack of internal consistency in their assumptions. Finally, these simple, approximate
" -performance metrics are unable to advance Russian rocket kerosene as preferable to the American version, but

do seem to indicate a need for hydrogen content to be included in the. mxhta.ry specification for hydrocaxbon

rocket fuels.

In the future it is hoped to extend this work by applymg these sorts. of smple metncs to lazce data bases
of hydrocarbon molecules in an effort to approximately rank fuels according to their m.lsmon-speaﬁc utility.
Clearly more work needs to be done to further characterize and specify these and related s1mple met:ncs and

the author is especially interested in learning of any other, similar results.
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SYMBOLS

Exponent used to wexght speaﬁc gravity in denmty—waghted performance metrics (see eqn. (3))
Combined propeliant (oxidizer plus fuel) specific gravity .

Dprop
Dy Effective specific gravity of hypothétical dead wexght
Av : © Mission-specific velocity increment
“Ah . Specific (per gram) enthalpy change between chamber and exhaust
Ahg Specific (per gram) ethalpy of formation
Aheery | Specific (per gram) enthalpy of combustion
e " Nozzle expansion ratio used to define vacuum specific impulse
% : Mass fraction of hypothetical dead weight
g . Sea-level gravitational acoeleratxon
I ‘Specific impulse )
Lip, mem The portion of specific impulse due to momentum thrust alone
(Tepopt Specific impulse optimized for mixture ratjo
D2 oplep ’ Optimized density-weighted performance metric
[D;M,L,, Same as previous but inchading hypotketical dead weight

opt+b
v Multiplier of relative spec:ﬁo-nnpn]se cbang& on changes in mission masses
Lox " Liquid oxygen . .

RG-1

M ‘ - Payload mass
Mot - Gross lift-off mass
P, . Chamber prassure
Pud " Density of the fuel alone
© r(H/C) Molar hydrogen'to carbon ratio
RP-1 American rocket kerosene
Russian rocket kerosene
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